Increasing evidences suggest that the predator threat model is a valid animal model of post-traumatic stress disorder (PTSD). However, sleep has never been examined in this model. Since sleep disturbances, including insomnia and excessive daytime sleepiness, are severe and protracted symptoms of PTSD, we hypothesized that mice exposed to predator odor trauma (POT) will display contextual fear conditioning along with severe and protracted sleep disruptions. Adult male C57BL/6J mice, instrumented with wire electrodes (to record hippocampal local field potentials [LFP] and nuchal muscle [electromyogram, EMG] activity), were exposed to contextual conditioning using soiled cat litter as unconditional stimulus (US). On day 1, fear memory acquisition (FMA) training was performed by exposing mice to contextual cage (conditional stimulus; CS) for 30 min followed by exposure to CS + US for 90 min. On day 5, fear memory recall (FMR) testing was performed by exposing mice to CS (without US) for 120 min. LFP and EMG were recorded continuously for 5 days. Mice exposed to POT displayed as follows: (1) hyperarousal coupled with electrophysiological indicators of memory acquisition and retrieval (increased hippocampal θ and γ power) during FMA and FMR; (2) increased nonrapid eye movement (NREM) δ and rapid eye movement θ power during sleep post FMA, indicating memory consolidation; (3) protracted sleep disturbances as evident by increased wakefulness, reduced NREM sleep and NREM δ power, increased NREM β power during light (sleep) period, and increased sleep during dark (active) period. Based on these results, we suggest that mice exposed to POT display severe and protracted sleep disturbances mimicking sleep disturbance observed in human PTSD.
Introduction
Post-traumatic stress disorder (PTSD) is a complex psychiatric condition that is experienced by a subset of individuals after exposure to a life-threating event that elicits fear, helplessness, and/ or horror. PTSD is characterized by several inter-related symptom clusters such as hyperarousal symptoms (e.g. sleep difficulties, insomnia, hypervigilance, and exaggerated startle), re-experiencing symptoms (e.g. recurrent nightmares, flashbacks, distress, and physiological reactivity upon exposure to trauma cues), and avoidance and emotional numbing symptoms such as avoidance of traumatic reminders, anhedonia, detachment from others, restricted emotional experiences, and sense of foreshortened future [1] .
Sleep disruptions including frequent awakenings, nightmares, and reduced slow-wave sleep are amongst the most prominent, distressing, and persistent symptoms experienced by patients with PTSD [2] [3] [4] . Sleep disruptions in patients with PTSD negatively affect their ability to recover from PTSD, as sleep serves as a restorative function and sleeplessness represents a physiological stressor that can lead to impaired function and health. Additionally, although sleep facilitates emotional processing of traumatic experiences, sleep disruptions contribute to impaired fear extinction and fear extinction consolidation, similar to what is exhibited by PTSD patients [5] [6] [7] [8] . Thus, sleep disturbances are not just secondary symptoms rather, a core feature of PTSD [9] [10] [11] .
Several animal models have been developed and used to understand the pathophysiology of PTSD. The predator threat model is one such model that meets several diagnostic criteria as described in Diagnostic and Statistical Manual of Mental Disorders 5 [12] [13] [14] [15] . In this model, rodents (rats or mice) are exposed to predator stimuli (cat, cat odor, coyote odor, or fox odor; obtained either from natural or synthetic sources) in an inescapable environment [16] [17] [18] . Exposure to predator odor provokes fear and anxiety, induces stress, and produces longlasting endocrine changes [15] . However, the effects of predator odor trauma (POT) on sleep-wakefulness have never been examined. Thus, the overall focus of this study was to examine the effect of POT on sleep-wakefulness. We hypothesized that mice exposed to POT will display contextual conditioning along with severe and protracted sleep disruptions.
Materials and Methods

Animals
Adult male C57BL/6J mice (7 to 8 weeks old; 22 to 26 g; Jackson Laboratories, Bar Harbor, ME) were used to test our hypothesis. Mice were housed, four per cage, in a sleep recording room, maintained at ambient temperature (25 ± 2°C) with 12:12 hr light-dark cycle (light onset at 06:00 am). All animals had ad libitum access to food and water. Ambient room temperature, with ad libitum access to standard laboratory chow and water, was maintained during the entire experiment. All experimental procedures met NIH guidelines for appropriate care and use of animals in research. All protocols were approved by local committees at Harry S. Truman Memorial Veterans' Hospital.
Experimental design and statistical analysis
A priori power analysis (based on our preliminary data; α = 0.05; power ≥ 0.9 [G*Power; Ref. 19]) was performed to calculate the sample size. All subsequent statistical analyses were performed by Prism software (Graphpad Software, Inc., La Jolla, CA).
We used contextual fear-conditioning paradigm with contextual cage as the conditional stimulus (CS) and soiled cat litter (two scoops, used by cat for 2 days and sifted for stools; obtained from School of Veterinary Medicine on the day of the experiment) as unconditional stimulus (US). The CS was very similar to mouse's recording cage (contained one scoop of mouse's own bedding) except aluminum foil was wrapped from outside on all four sides and the bottom, covering approximately half cage. Fear memory retrieval or recall (FMR) was tested on day 5 by exposing mouse to CS (contextual cage) without US (no cat litter). Three groups were used as follows: no odor control (NOC) = mice exposed to two scoops of unused fresh cat litter. Nonpredator odor control (NPOC) = mice exposed to two scoops of cat litter used as a bedding by a different mouse for 2 days. POT = mice were exposed to two scoops of US. All control and experimental protocols were performed in parallel to maximize comparability and repeated at least three times.
Surgery
All stereotaxic surgeries were performed under sterile conditions and inhalation (isoflurane) anesthesia. Mice were stereotaxically implanted with stainless steel tube (27 gauge; length = 13.5 mm) containing three formvar-insulated stainless wire electrodes (100 µm diameter) in the pyramidal layer of the hippocampal CA1 region (coordinates AP −1.9; ML ±1.0; DV −1.3; from bregma [20] ) to record hippocampal local field potentials (LFP). Three flexible stainless steel wire electrodes were secured to the neck (nuchal) muscle to record muscle activity [electromyogram (EMG)]. Two anchors were also fixed onto the skull. All LFP and EMG electrodes were connected to a multichannel electrode pedestal (MS363, Plastics One, Inc., Roanoke, VA), and the entire assembly was secured to the skull with dental cement. The wound was sutured. Animals were continuously monitored until ambulatory. Flunixin (2.5 mg/kg/12 hr for 1 day), administered subcutaneously, was used as a postsurgical analgesic.
Postoperative recovery and habituation
Following surgery, mice were housed individually and allowed to undergo postoperative recovery for 48 hr in sleep recording cages (similar to normal shoebox home cages except taller [height = 10″] with open top and a grommeted hole on one [shorter] side of the cage for dispensing water [15 mL bottles fitted with metal sipper tubes]). Next, mice were tethered to lightweight sleep recording cables (Plastics One, Inc., Roanoke, VA). Mice were unrestrained and were able to move freely. They were allowed to habituate with the sleep recording set up until a stable sleep-wakefulness cycle was established. Once a stable sleep-wakefulness cycle was established, the experiment was begun by recording baseline sleep-wakefulness for 24 hr.
Fear memory acquisition
On the following day, 1 hr after light onset, mice were divided into three groups as described above. Next, each mouse was untethered from the recording cable and its recording cage was replaced with a CS. Mice were retethered and allowed to explore the CS for 30 min. Subsequently, soiled (POT) or control litter (NOC or NPOC) was gently introduced and spread to cover the entire cage. Mice were allowed to remain in this environment for 90 min (CS + US). On completion, the CS (+US) was replaced with animal's own sleep recording cage. Thus, the total time for fear memory acquisition (FMA) training was 120 min (CS = 30 min; CS + US = 90 min). On completion, animals were left undisturbed (except checking for food and water) until tested on day 5. Sleep-wakefulness was continuously recorded for 5 days.
Fear memory recall
On test day (day 5), 1 hr after light onset, recording cage of each mouse was replaced with CS; no US was introduced. Mice were housed in this environment for 2 hr. Sleep-wakefulness was recorded continuously.
Data acquisition and analysis
Behavioral state-related rhythms, such as δ, θ, and γ activities, recorded by surface EEG, are also present in subcortical areas such as hippocampus and behave in similar fashion to cortical rhythms [21] [22] [23] [24] [25] [26] . Therefore, we used LFP, along with EMG, to identify sleep-wake states. LFP (1-100 Hz) and nuchal EMG (30-300 Hz) were filtered at 60 Hz (notch filter) and acquired with a 16 channel, bipolar Physiodata Amplifier System (Model 15LT) with 4 Quad Neuroamplifiers (Model 15A54; Grass Technologies, West Warwick, RI). The acquired data were visually scored in 10 s epochs as (1) wakefulness (active and quiet), (2) nonrapid eye movement (NREM) sleep, or (3) rapid eye movement (REM) sleep. Wakefulness was identified by the presence of low voltage fast activity (desynchronization) in LFP coupled with high (active W) or reduced (quiet W) EMG activity. NREM sleep was identified by the predominance of slow wave, synchronized activity in the LFP with reduced EMG. REM sleep was identified by the concomitant presence of θ activity in the LFP with no muscle tone [27] . NREM and REM sleep latency (defined as amount of time between light onset or FMA training and first noninterrupted 60 s NREM or 30 s REM sleep bout), bout frequency, and average duration of each bout (for all three states) were also determined [28] . Spectral analysis of LFP was also performed to examine δ (1-4 Hz), θ (5-9 Hz), β (12-20 Hz), and γ (35-50 Hz) activities.
Statistical analysis
One-way ANOVA followed by Dunnett's post hoc test was used to examine the effects of POT on sleep-wakefulness and electrophysiological parameters during (1) FMA, (2) 9 hr of light period post-FMA, and (3) FMR. Two-way repeated measure ANOVA with time (two levels: days 2 and 4) as within-subject repeated measure and treatment (three levels: NOC, NPOC, and POT) as between-subject measure followed by Bonferroni's post hoc test was used to examine the effects of POT on sleep-wakefulness and electrophysiological parameters on days 2 and 4 light period. Similarly, two-way repeated measure ANOVA with time (three levels: days 1, 2, and 4) as within-subject repeated measure and treatment as between-subject measure (three levels: NOC; NPOC; POT) followed by Bonferroni's post hoc test was used to examine the effects of POT on sleep-wakefulness and electrophysiological parameters on days 1, 2, and 4 dark period.
Results
Baseline day
Baseline sleep-wakefulness was comparable between all three groups (Table 1 [29, 30] . Therefore, wake θ and γ activities were also examined. One-way ANOVA revealed a significant difference between three groups in wake θ [F(2, 14) = 7.7; p = .007; Figure 1B ] and γ [F(2, 14) = 13.4; p = .001; Figure 1C ] activities. Post hoc analysis (Dunnett's test) revealed a significant increase in wake θ (p < .01) and γ (p < .01) activities in mice exposed to POT (POT group) compared with NOC control. θ and γ activities in NPOC and NOC groups were comparable. Table 3 ]. Bout duration: A significant main effect was observed on wake [F(2, 14) = 6.2; p = .01 and NREM [F(2, 14) = 4.9; p = .028] bout duration. Post hoc analysis revealed that compared with mice in NOC group, while mice in POT group showed an increase in wake bout duration, NREM bout duration was comparable between NOC and POT.
Changes in sleep-
Wake and NREM bout duration values were comparable in NOC and NPOC groups (Table 3) . Spectral analysis: Since NREM δ and REM θ are implicated in memory consolidation [31] [32] [33] , spectral analysis was performed to examine NREM δ and REM θ activities during 9 hr of light period post-FMA. One-way ANOVA suggested a significant change in NREM δ [F(2, 14) =5.1; p = .02] and REM θ [F(2, 14) = 5.1; p = .02] during 9 hr of light period post-FMA. Although NREM δ and REM θ values were comparable between NOC and NPOC groups, mice in the POT group displayed a significant (p < .05; Dunnett's test) increase in NREM δ and REM θ compared with NOC group (Figure 2C and D) . Figure 5B ). (Table 5) .
Electrophysiological indicators of memory retrieval observed during FMR
Time spent in sleep-wakefulness: FMR was performed by exposing the animals to CS, without US, for 2 hr. One-Way ANOVA 
Discussion
In this study, we performed contextual conditioning, using POT as the US, and examined hippocampal field potentials and sleep-wakefulness. Major findings of our study suggest that mice exposed to POT displayed as follows: (1) Contextual conditioning, as evident by a state of hyperarousal coupled with memory acquisition and retrieval (significant increase in the amount of time spent in wakefulness, hippocampal θ, and γ power) observed during FMA training and FMR testing [34] [35] [36] .
(2) Memory consolidation following FMA training, as evident by an increase in NREM δ and REM θ power during sleep period post-FMA training [22, 24, [36] [37] [38] . (3) Severe and protracted sleep disruptions as evident by difficulty in falling asleep (increase in NREM and REM latency) and maintaining quantity (increased wakefulness, reduced NREM and REM sleep, increased wake and NREM bout frequencies, and reduced NREM sleep duration) and quality of sleep (reduced NREM δ power; increase in NREM β power) during normal sleep (light) periods along with symptoms of daytime sleepiness as evident by increased NREM sleep during active period [10, [39] [40] [41] [42] . Our experiment design is logical. Inbred C57BL/6J mice were used to control for genetic variability. Compared with other strains of mice, C57BL/6J mice display a significant increase in anxiety and startle response following a single exposure of predator odor [43] . Mice prefer darkness and light enhances fear, especially learned fear [44] . Therefore, to enhance fear and stress, all fear conditioning experiments were performed during the light period.
We used POT as the US and performed contextual conditioning. Recently, several studies have begun to use predator odor to examine fear and anxiety responses due to their potential relevance in animal models of stress and anxiety disorders including PTSD (reviewed in Refs. 12, 45-50). Use of predator odor as US for studying contextual fear offers several advantages: (1) Most physical stressor models, including the most extensively used "inescapable footshock model," involve physical pain or discomfort. In contrast, exposure of rodents to predator odor does not involve pain rather; it is fear provoking, stressful, and produces protracted behavioral and physiological responses [12, 16, 17, 46, [51] [52] [53] [54] . (2) Rodents have innate hardwired (genetic) fear for predator odor and even laboratory rat and mice, which have never experienced (or exposed to) a cat or cat odor, and display fear and stress when exposed to cat odor. Thus, predator odor conditioning can act as a biologically relevant model for innate as well as learned fear [12, 16, 46, 50, [55] [56] [57] . (3) Olfaction is the primary sensory system used by rodents for majority of survival-related behaviors [58] [59] [60] [61] . (4) Odors are strong sensory stimuli for cuing emotional memories [62] . (5) Similar to the extensively used "inescapable footshock model," the amygdala is the central site, and a dose-dependent relationship exists between US and conditional response, and US and secretion of stress hormones in the predator odor model [63] .
Two controls were used in this study: (1) NOC group exposed to the same amount of clean/fresh/unused cat litter; (2) The NPOC group control exposed to the same amount of "mouse used cat litter" or cat litter used (as a bedding) by a different C57BL/6J mouse for 2 days. This control provided a significant, yet nonpredator odor. In order to have a robust development of contextual conditioning, mice were allowed to explore contextual cage (CS) for 30 min followed by exposure to soiled cat litter (US) for 90 min during FMA training. Subsequently, mice were left undisturbed (except for sleep recordings) until tested on day 5. FMR testing was performed by exposing the animals to objective reminders of trauma: contextual cage.
Electrophysiological measures were used to examine contextual conditioning and changes in sleep-wakefulness. Mice in the POT group displayed a state of hyperarousal, increased wakefulness along with increased hippocampal θ and γ activities, during FMA training and during FMR testing. Increased hippocampal θ and γ activities are indicators of memory encoding and retrieval [34, [64] [65] [66] . This was followed by a significant increase in NREM δ and REM θ activities post-FMA training, suggesting memory consolidation during subsequent sleep period [22, 24] . In our study, mice exposed to POT showed a robust and persistent increase in wakefulness (day 2 = 19.7% increase; day 4 = 18.6 %), mainly due to the increase in the frequency of wakefulness bouts, during the normal sleep (light) period that lasted for 4 days. Concomitantly mice exposed to POT had persistent difficulty in falling asleep (increased NREM and REM sleep latency) and maintaining NREM sleep during the normal sleep (light period) as evident by an increase in NREM bout frequency on both days 2 and 4. In addition, mice exposed to POT displayed reduced quality of NREM sleep (reduced δ and increased β activities), especially on day 2, during the normal sleep period post-POT exposure. In contrast, reduced wakefulness and increased NREM sleep were observed during the active (dark) period especially on day 2. These findings are congruent with what is observed in human PTSD; majority of human PTSD studies suggest severe and protracted insomnia, nightmares, reduction in quality and quantity of NREM sleep along with excessive daytime sleepiness in PTSD [39, [67] [68] [69] [70] [71] .
Some human PTSD studies have observed REM sleep changes (increased REM sleep with chronic PTSD; reduced REM sleep proximate to trauma exposure) [68, [72] [73] [74] . In our study, we did not observe any major quantitative changes in REM sleep on days 2 and 4. This may be a limitation of our model.
Fear is an emotional feeling of disquiet that appears rapidly in the presence of threat or danger and dissipates quickly once the threat or danger is removed. Fear can be innate or learned. Innate fear may be genetic and responses are activated by intrinsically threatening stimuli. Learned fear is acquired and experience dependent and can develop across the lifespan. Convincing evidence exist to suggest that distinct neural circuits are involved in the control of innate and learned fear [75, 76] . Thus, delineating fear circuitry involved in innate and learned fear and examination of its interactions with circuits regulating sleep-wakefulness will help us understand and develop efficacious treatment strategies for fear and anxiety disorders such as PTSD.
In summary, we have used POT as the US and performed contextual fear conditioning in C57BL/6J mice. The results of our study suggest, for the first time, that animals exposed to POT display severe and protracted sleep disturbances similar to sleep disturbance observed in human PTSD patients.
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